Introduction
The incidence of diabetes is increasing at an alarming rate. With the current rate of increase, it has been projected that 324 million people will have diabetes by 2025.
1,2 Uncontrolled diabetes leads to serious medical complications. Large blood vessel damage leads to stroke and cardiovascular complications, and damage to small vessels in the extremities, eyes, and kidneys leads to amputation, blindness, and kidney failure. As a result, the economic and human costs of this disease are devastating.
Obesity among adults in the developed world is defined as a BMI ≥ 30 kg/m 2 .
3 Obesity in adults has become a major public health issue and is associated with increased risk of cardiovascular disease (CVD) and type 2 diabetes. 4 Adipose tissue functions primarily to store energy. It also plays an important role in systemic glucose homeostasis. Recent epidemiological studies have shown that both serum total testosterone and free testosterone levels are decreased in obese men. 5, 6 Obesity-and especially abdominal adiposity-is a major risk factor for and the most common cause of insulin resistance and CVD.
7 In visceral obesity, there is increased deposition of abdominal adipose tissue in hypogonadal subjects, which in turn leads to a further decrease in testosterone concentrations through conversion to estradiol by aromatase. 8, 9 In addition, insulin resistance, an essential component of the metabolic syndrome, is associated with decreased testosterone secretion in Leydig cells. 10 Low testosterone levels in men have been found to predict insulin resistance and the future development of type 2 diabetes. 11, 12 Low testosterone levels have also been found to be associated with dyslipidemia and hypertension.
13
The goal of this study was to gain a better understanding of the relationship among insulin resistance, BMI, and testosterone levels. There are no established data on Ghanaian men with type 2 diabetes who are hypogonadal, with or without a high BMI. This underscores the importance of investigating androgen levels in Ghanaian men with type 2 diabetes. Data in this area could eventually be useful as evidence for the treatment of hypogonadism in men with diabetes.
Study Design and Methods
This was a hospital-based casecontrol study. Samples from men with diabetes between the ages of 30 and 60 years were compared to samples from nondiabetic men of the same age range. The study included 210 men (105 with and 105 without type 2 diabetes). Consecutive patients seen during 1 month at the diabetic clinic were asked to join the study. Of those asked, 10% participated. Questionnaires were administered to obtain information that would help identify androgen deprivation. The content of the questionnaire was explained in a language best understood by respondents to reduce measurement error.
Laboratory testing
Blood samples were collected after subjects provided consent through a process reviewed and approved by the University of Ghana Medical School Ethical Committee. Fasting blood samples (10 ml) were drawn between 7:00 and 8:00 a.m. for all assays. Blood was collected from 10 subjects daily. Of the 9 ml of whole blood drawn, 2 ml were transferred into ethylene diamine tetra-acetic acid-containing tubes to estimate A1C; 2 ml were transferred into a sodium fluoridecontaining tube and the plasma was separated to estimate glucose level; and the remaining 5 ml were put into serum separator tubes for processing. Serum samples were aliquoted in 1-ml portions into a sterile plain tube and stored at -20°C until needed.
I n B r I e f
Testosterone plays a vital role in obesity, glucose homeostasis, and lipid metabolism. The aim of this study was to investigate androgen levels and its association with obesity in Ghanaian men with type 2 diabetes. The study showed that serum total and free testosterone concentrations were lower in male patients with type 2 diabetes and that obesity was strongly associated with low levels of total and free testosterone in Ghanaian men with type 2 diabetes. using a testosterone calculator. 14 A1C was measured using the Randox Daytona autoanalyzer (Randox Laboratories Ltd., Kearneysville, W.V.). The determination of A1C was based on a latex agglutination inhibition assay.
Data analysis
-tests (Student's t-tests) with a level of statistical significance set at P < 0.05 for all tests and at 95% confidence interval (CI). Student's t-tests were used for comparison of means of variables between subjects with and without diabetes. One-way analysis of variance was performed to assess significant differences in mean testosterone levels across various age-groups. Variables with significant associations were assessed through stepwise linear and multiple regression to determine their independent contributions to the variance in total testosterone.
Study Results
Subjects included 105 men with type 2 diabetes who were not on insulin. These were matched for age with 105 apparently healthy nondiabetic men. The clinical and biochemical parameters of the study population are shown in Table 1 . The mean ages of the diabetic men (study group) and the nondiabetic men (control group) were 48.9 and 42.8 years, respectively. The difference in mean between the two age-groups was highly significant (P < 0.0001). Systolic blood pressure was statistically significant (P < 0.0001) and elevated in the study group. No significant difference was observed in diastolic blood pressure between the groups (P = 0.07). In addition, the difference in mean BMI of the two study groups was significant (P = 0.002).
The between-group difference in mean total testosterone and mean free testosterone were highly significant (P < 0.0001). No significant between-group difference was observed for SHBG (P = 0.1989). A significant between-group difference (P = 0.0003) was also observed for mean concentrations of LH. However, no significant differences were observed for FSH (P = 0.59) or E 2 (P = 0.25).
Differences in FBG, A1C, cardiovascular risk, albumin, and uric acid between the two groups were highly significant (P = 0.0001). Significant differences (P < 0.05) were also observed for mean total cholesterol and mean triglyceride levels.
The percentage distributions of TT levels of the diabetic and nondiabetic subjects were investigated. Subjects were classified into three groups: hypogonadal (< 8 nmol/l), borderline (8-12 nmol/l), and eugonadal (> 12 nmol/l). A total of 37 of the men with diabetes (35.2%) and 7 control subjects (6.7%) were hypogonadal at < 8 nmol/l. Also, 21 men with diabetes (20%) and 10 nondiabetic men (9.5%) had TT levels between 8 and 12 nmol/l. In addition, 47 men with diabetes (44.8%) and 88 nondiabetic men (83.8%) were eugonadal ( Figure 1) . Table 2 shows the association between BMI and TT in men with diabetes. Odds ratios (ORs) show that men with diabetes who are overweight (OR 2.29, P = 0.01) or obese (OR 5.95, P = 0.004) are more likely to have low TT levels than men with diabetes who are of normal weight or underweight.
Associations between several correlates (age, BMI, triglyceride level, A1C, FBG, and HDL cholesterol) and TT level were determined in the men with diabetes and are shown in Table 3 . TT levels were inversely associated with BMI (P = 0.04), triglyceride level (P = 0.025), and FBG (P < 0.001). The study showed 
a steady but not statistically significant decline in TT with age in men with diabetes (P = 0.063). Also, no associations were observed for A1C (P = 0.365) or HDL cholesterol (P = 0.511). Thus, elevated FBG, higher BMI, and elevated triglyceride levels emerged as risk factors for low TT levels in men with diabetes.
Discussion
Diabetes has been implicated in many complications, including hypogonadism. 9, 15 The prevalence of hypogonadism in type 2 diabetes has been linked to adiposity and insulin resistance. 9, 15 This study strongly linked low TT levels to the risk factors of type 2 diabetes (Table 1) , including higher BMI, elevated FBG, elevated triglyceride levels, age, blood pressure, elevated total cholesterol, and higher A1C levels.
This study showed a higher average BMI in men with diabetes compared to their nondiabetic counterparts. Overweight and obese men with diabetes were found to be at two and six times higher risk, respectively, of being hypogonadal, whereas men with diabetes and BMIs in the normal or low ranges were not found to be at increased risk for hypogonadism ( Table  2 ). The finding that testosterone levels are negatively correlated to BMI is in agreement with work done elsewhere. 16, 17 The underlying mechanism responsible for reduced testosterone levels in obese and overweight men with diabetes is not completely understood. However, it has been reported in these subjects that there is increased fat that leads to increased aromatase activity of testosterone to E 2 , resulting in increased levels of E 2 .
18,19 High circulating levels of E 2 downregulate the hypothalamic-pituitary axis and decrease the amount of circulating gonadotropin-releasing hormone and, hence, testosterone. 8, 16 In addition, levels of leptin increase with obesity, and this hormone causes further reduction in androgen levels by inhibiting the hypothalamicpituitary-gonadal axis.
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It is worth stating that, in this study, no association or relationship was found between E 2 concentrations and type 2 diabetes (Table 1 ). This finding is in agreement with some work done elsewhere 16 but disagrees with other published work.
This study also showed an association between lipid profile (especially triglyceride levels) and testosterone levels in men with type 2 diabetes (Table 3 ). This finding is consistent with earlier research. 18, 20 Increased abdominal fat leads to increased aromatase activity. The resulting low testosterone increases lipoprotein lipase activity, the main enzymatic regulator of triglyceride uptake in adipose tissue. This results in inhibition of triglyceride uptake, increased lipid mobilization leading to increased visceral adiposity, and insulin resistance. This, in turn, causes further hypogonadism and abdominal fat deposition. 20, 21 The prevalence of hypogonadism in men with type 2 diabetes in this study was 35.2%. Others have shown a prevalence of 30-80% in men with type 2 diabetes. 9, 22 This study also revealed that FBG contributes to lowering TT levels in men with type The association between glycemia and reduced TT concentrations may be an effect of glycemia on the testicular microvasculature. Thus, glycemia alters Ledig cell function, directly causing primary hypogonadism. This may account for the lack of an observed association between TT levels and gonadotropin hormones in men with type 2 diabetes. In addition, if glucose is not reaching the cells because of insulin insensitivity, there will not be enough energy generated for the various metabolic processes involved in maintaining testosterone levels.
Conclusion
Serum TT concentrations were found to be lower in a relatively large number of Ghanaian men with type 2 diabetes compared to healthy men. This study demonstrated that elevated FBG, triglyceride levels, and BMI are risk factors for hypogonadism in Ghanaian men with type 2 diabetes. In addition, it can be concluded that obesity (as indicated by elevated BMI) is an independent risk factor for hypogonadism in Ghanaian men with type 2 diabetes. This study also showed that these risk factors affected testicular microvasculature, accounting for primary hypogonadism. The implications of reduced serum TT concentrations in men with type 2 diabetes merit further investigation.
